Yeast one-hybrid screening is widely used for the identifi cation of transcription factors (TFs) that interact with specifi c DNA sequences. However, screening a whole cDNA library is not effi cient for the identifi cation of TFs because TF genes represent only a small percentage of clones in a cDNA library. Here, we present the development of an effi cient yeast onehybrid screening system using a prey library composed only of approximately 1,500 TF cDNAs of Arabidopsis thaliana. This library enabled us to isolate a TF that binds to a specifi c promoter sequence with high effi ciency, even when the promoter region of the gene of interest was directly employed as bait. Furthermore, this library was also successfully applied as a yeast two-hybrid library to fi nd TFs that interact with specifi c proteins. This effi cient system will contribute to the elucidation of gene regulatory networks in plants.
Introduction
Transcription factors (TFs) are excellent targets to use as tools for the genetic manipulation of plant traits for the following reasons. In Arabidopsis thaliana , approximately 2,000 TFs regulate all 26,000 genes in the genome ( Riechmann et al. 2000 , Davuluri et al. 2003 , Guo et al. 2005 , Riano-Pachon et al. 2007 , Guo et al. 2008 , Mitsuda and Ohme-Takagi 2009 . This indicates that one TF could regulate a group of genes that control entire biological processes, such as biosynthetic pathways of metabolites. In addition, methods for genetic modifi cation of TFs, such as a conversion to a strong activator by fusion to a strong transcriptional activation domain, such as VP16 ( Cress and Triezenberg 1991 ) , or to a strong repressor by fusion to a repression domain, such as SRDX ( Hiratsu et al. 2003 ) , have been widely applied. These modifi ed TFs are useful, not only for functional analysis, but also as tools for the manipulation of plant traits by altering TF-regulated gene expression ( Mitsuda et al. 2005 , Mitsuda et al. 2006 , Koyama et al. 2007 ). However, information regarding the TFs that act as master regulators and the target genes of these TFs, which is necessary for the use of TFs as tools, is still insuffi cient. Although chromatin immunoprecipitation (ChIP) followed by using whole-genome/ promoter microarrays or next-generation sequencing provides information regarding target genes of a TF ( Jiang and Pugh 2009 ) , these systems are not necessarily designed for systematic or comprehensive analysis of large numbers of TFs. Yeast one-/ two-hybrid (Y1/2H) screening is also commonly used for the identifi cation of a TF that interacts with a specifi c cis -acting element in the promoter of a gene of interest ( Luo et al. 1996 ) or with a protein of interest ( Fields and Song 1989 ) . In contrast to ChIP, which is designed to analyze target genes of a known TF (a 'top-down' approach), Y1H is considered a 'bottom-up' approach, designed to identify TFs that regulate a gene of interest. Y2H is also another important tool to investigate TF-TF or TF-regulatory protein interactions. Y1/2H screening has great potential to reveal TFs that interact with specifi c cis -elements or proteins and to delineate gene regulatory networks involving hundreds of genes as suggested previously in nematoda ( Deplancke et al. 2006 > 90 % of cDNAs in the prey library are not those of TFs. This results in a high rate of false positives due to some proteins having high affi nity for non-sequence-specifi c DNA, and necessitates screening > 10 6 clones. In addition, some TF cDNAs may not be represented in a cDNA library prepared from total RNA due to restricted spatiotemporal expression. Furthermore, in the case of Y1H, it is laborious to specify the functional cis -acting element residing in a promoter region and then to clone a tandem repeat of it into the reporter construct.
In this report, we present the development of an effi cient Y1/2H system to identify TFs that interact with specifi c DNA sequences or proteins of interest by preparing a prey library that is only composed of approximately 1,500 TF cDNAs of Arabidopsis as previously developed in nematoda ( Deplancke et al. 2006 ; Vermeirssen et al. 2007 ). This library enables us to identify TFs that bind to the promoter region or protein of interest with high effi ciency, even if the promoter region is directly employed as bait, as in the case of Y1H.
Results and Discussion
To develop an improved Y1/2H screening system, we fi rst engineered similar GATEWAY vectors developed before ( Deplancke et al. 2004 ) for reporter and library construction to enable the rapid preparation of the library and the systematic screening of numerous promoters and proteins by inserting the GATEWAY cassette into traditionally used vectors (see Materials and Methods; Fig. 1 ). For the reporter vectors in which a promoter is cloned, an unconventional R4-L1GATEWAY cassette was employed to enable compatibility with the newly developed multisite GATEWAY system for plant research ( Nakagawa et al. 2008 ) . We planned to clone TF-coding sequences (CDSs) into the R1-R2 conventional GATEWAY site for library construction ( Fig. 1 ). Our design was to clone TF CDSs and promoter regions of genes of interest into the conventional donor vectors, pDONR207 and pDONRP4P1R, respectively.
Using these vectors, we fi rst prepared entry clones of 1,498 A. thaliana TF cDNAs that lacked stop codons. The prepared clones did not show any biased distribution to any particular TF family. The list of TFs and the sequence validation of all clones is available in Supplementary Table S1 . To prepare a semi-uniform library in a rapid manner, we combined the same amount of 12 entry clones into one pool and performed the LR recombination reaction on each pool to construct a TF-only Y1/2H library. To evaluate our TF-only library, we fi rst employed a region 500 bp upstream from the transcription initiation site of RD29A ( At5g52310 ) as bait ( Fig. 2A ). This region contains three dehydration-responsive elements (DREs). The DRE-binding proteins (DREBs) are important regulators of abiotic stress responses, such as to drought, cold and salt, and have been previously isolated by Y1H screening as the TFs binding to DRE. A total of 35 DREB2A ( At5g05410 ) clones and one DREB1A ( At4g25480 ) clone were isolated from 4.5 million colonies in the previous screening ( Liu et al. 1998 ) .
We isolated the transgenes from 45 positive colonies among approximately 12,000 colonies, and found that 44 of them encoded AP2/ERF family members, including 16 DREB1D ( At5g51990 ), eight DREB1B ( At4g25490 ) and fi ve DREB1A ( Fig. 2B and Table 1 ). Most other clones had relatively high amino acid similarity to DREBs ( Fig. 2B ). This effi ciency (45/12,000) is much (B) Phylogenetic tree of some of the Arabidopsis AP2/ERF TFs. TFs in large bold type indicate those that were isolated in this Y1H screening and numbers in parentheses represent the frequency with which a TF was identifi ed. TFs in gray type indicate those which are not included in our library. Numbers on the tree represent bootstrap values ( % ) among 1,000 tests.
higher than that (36/4,500,000) of the previously reported Y1H screening ( Liu et al. 1998 ). In the previous screening, DREB2A was repeatedly isolated and DREB1A was isolated only once ( Liu et al. 1998 ) , while in this study, DREB1A and its close homologs were frequently isolated but neither DREB2A nor its close homolog were isolated, even though DREB2A is included in our library and homology between DREB1A and DREB2A is relatively low. There are three possible reasons for this difference (i) the cDNA library used in the previous study was prepared from dehydrated plants in which the expression of DREB2A but not DREB1A was highly induced ( Liu et al., 1998 ) ; (ii) DREB2A may not be isolated from our library because the full-length DREB2A protein is quite unstable ( Sakuma et al., 2006 ) ; and (iii) different baits were used in the two experiments.
Next we employed as bait a region 500 bp upstream from the transcription initiation site of the caffeoyl-CoA 3-Omethyltransferase 1 ( CCoAOMT1 ; At4g34050 ) gene, which regulates lignin biosynthesis ( Do et al. 2007 ). MYB58 (At1g16490) has been shown to bind to the CCoAOMT1 promoter region by ChIP and gel-retardation analyses and activate the β -glucuronidase (GUS) reporter gene driven by the CCoAOMT1 promoter ( Zhou et al. 2009 ). We identifi ed 72 positive colonies from approximatley 30,000 colonies and found that 39 and 20 of them encode MYB58 and SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 8 (SPL8; At1g02065), respectively ( Table 2 ). SPL8 is involved in development of the pollen sac but there is no evidence that SPL8 is involved in lignin biosynthesis ( Unte et al. 2003 ) . We therefore analyzed whether SPL8 actually interacts with the promoter region of CCoAOMT1 by transient effector-reporter analysis in plants. As shown in Fig. 3 , MYB58 fused with the VP16 activation domain (MYB58-VP16) strongly activated reporter expression driven by the CCoAOMT1 promoter in Arabidopsis leaves, while SPL8-VP16 did not. These results suggest that SPL8 does not regulate CCoAOMT1 in plants despite the interaction observed in yeast. It cannot be ruled out, however, that SPL8 works as a repressor of the CCoAOMT1 gene and therefore the reporter activation was not observed in plants despite no supportive evidence.
We further evaluated whether our TF-only library is also effective for Y2H screening to identify TFs that interact with a protein of interest. The rice basic helix-loop-helix (bHLH) protein, ILI1-binding bHLH protein 1 (IBH1; Os04g0660100), was isolated as the interacting protein with INCREASED LEAF INCLINATION 1 (ILI1; Os04g0641700) by Y2H screening. IBH1 was isolated 10 times from 3 million colonies ( Zhang et al. 2009 ). This interaction was previously shown to be conserved between Arabidopsis orthologs, bHLH158/AtILI1-binding bHLH protein 1 (AtIBH1; At2g43060) and bHLH136/ PACLOBUTRAZOL RESISTANCE 1 (PRE1; At5g39860) by Y2H and pull-down assays ( Zhang et al. 2009 ). Using PRE1 as bait, we isolated 29 positive colonies after screening approximately 13,800 colonies by Y2H with our TF-only library. These contained two AtIBH1 and 27 other bHLH proteins encoded by six loci, which were not reported previously and may be newly found interactions. These results indicate that our TFonly library can also be used to identify TFs that interact with a protein of interest in Y2H screening with high effi ciency.
In this study, we demonstrated that the prey library composed of only TF cDNAs is highly effective for both Y1H and Y2H screening to identify TFs that interact with a promoter or protein of interest in Arabidopsis. Our strategy has several advantages over traditional Y1H screening, as follows. The TFonly library yields a low background, probably because genes encoding non-sequence-specifi c DNA-binding proteins such as histones or proteins promoting yeast growth are not included in our library. This high signal-to-noise ratio may increase the sensitivity of screening and might allow us to isolate TFs interacting with promoter regions, even if promoter regions of ≥ 500 bp were directly employed as bait. It should be noted that the use of regions up to 1,000 bp upstream from the transcription initiation site is favored as bait, because a cis -element far from the TATA-box ( > 800 bp) cannot activate expression in yeast, even when a TF has bound to it ( Dobi and Winston 2007 ) . In addition, small-scale screening of around 10,000 colonies is enough for one experiment because each TF cDNA is uniformly distributed in the prey library. This unbiased composition enables us to isolate each TF equally, regardless of its expression level, and the frequency of the isolated TF would be proportional to the extent of binding preference. Our Y1H system, however, may result in the isolation of TFs that have high similarity to the TF genuinely binding to the promoter of interest but that are not expressed where the promoter of interest is active. Therefore, it is necessary to analyze the expression pattern of isolated TFs experimentally or by searching expression databases. In other words, even if a candidate TF is not expressed where the promoter of interest is active, other TFs with high homology to the candidate and similar expression patterns to the promoter of interest are likely. Although our TF-only Y1H library has various advantages compared with traditional Y1H screening, there may be difficulties in isolating TFs that contain strong repression domains or if expression of a TF induces lethality in yeast beceause the TF cDNAs used in our library are essentially full length. In addition, since our TF library only contains cDNAs that have been categorized as TFs, unknown or non-included TFs cannot be identifi ed in this system. Therefore, the traditional Y1H system is still useful if no candidate is obtained in our improved Y1H system. LUC activity driven by the CCoAOMT1 promoter with various effectors is presented. The LUC activity when empty vector was used as an effector was set at 1. MYB58-VP16 activates the LUC reporter gene driven by the CCoAOMT1 promoter. DREB1D-VP16 (negative control), SPL8 or SPL8-VP16 (candidate) do not activate to a signifi cant level. An asterisk represents statistical signifi cance by Welch's t -test when compared with the control ( n = 6, P < 0.01).
Nevertheless, the improved Y1/2H system developed in this study will accelerate the identifi cation of TFs interacting with specifi c cis -elements, promoters or proteins in Arabidopsis. Furthermore, systematic application of this 'bottom-up' approach has great potential to elucidate realistic transcriptional and protein-protein regulatory networks related to specifi c areas and that consist of several tens or hundreds of genes. Combinatorial use of the 'top-down' and 'bottom-up' approaches will contribute to uniting local and comprehensive views of systems biology and to give real understanding to gene regulation.
Materials and Methods

Vector construction
An unconventional Gateway cassette, att R4-ccdB /Cm r -att L1, was produced by linking two PCR fragments, att R4-ccdB /Cm r and ccdB /Cm r -att L1, via an Eco RI site. This cassette was then inserted into the Sma I site of pLacZi, into the Sma I-Sac II sites of pHISi and pHISi-1 vectors (Clontech/TAKARA) and into the Hin dIII-Sal I sites of p190LUC, which has the caulifl ower mosaic virus (CaMV) 35S minimal promoter followed by an omega sequence and the luciferase gene (LUC). The previously described 4 × GCC-LUC vector was based on this p190LUC vector ( Fujimoto et al. 2000 ) . The procedure described above generated R4L1pDEST_LacZi, R4L1pDEST_HISi, R4L1pDEST_ HISi-1 and R4L1pDEST_LUC, respectively. To construct pDEST_ GAD424 for the Y1/2H library preparation and pDEST_BTM116 for the Y2H bait preparation, a conventional Gateway cassette, att R1-ccdB /Cm r -att R2, followed by three in-frame stop codons was inserted into the Sma I site of pGAD424 (Clontech/ TAKARA) and pBTM116 ( Bartel and Fields 1997 ) , respectively.
Library construction
For the construction of the TF-only library, CDSs without stop codons of 1,498 TFs were amplifi ed by a pair of primers with att B1/B2 sites and cloned into pDONR207 by BP cloning (Life Technologies). We used clones in which the amino acid sequence identity is > 70 % relative to the sequence defi ned in the public database (TAIR9). The list of TFs and sequences of oligonucleotides are shown in Supplementary Table S1 . Cloned CDSs were transferred into pDEST_GAD424 by LR clonase, in which 12 randomly selected genes were mixed and cloned at the same time. Equal volumes of the 12-TFpDEST_GAD424 mixtures were pooled and used as the TF-only library.
Bait construction
For the Y1H experiment, a 500 or 1,000 bp region upstream of the transcription initiation site of each gene was cloned into pDONR_P4-P1R by BP cloning (Life Technologies). The oligonucleotides used in this experiment are shown in Supplementary Table S2 . Cloned promoters were transferred into R4L1pDEST_LacZi, R4L1pDEST_HISi and R4L1pDEST_LUC vectors by LR clonase. For the Y2H experiment, the CDS of PRE1 was cloned into pDONR207 and then transferred into pDEST_BTM116 by LR clonase (Life Technologies).
Yeast preparation for the Y1H experiment
For Y1H screening, original yeast strains harboring genomic promoter-reporters were prepared from strain YM4271 (Clontech/TAKARA) by sequential homologous recombination between URA3 loci in the genome and R4L1pDEST_LacZi and between HIS3 loci in the genome and R4L1pDEST_HISi.
Y1/2H screening
For Y1H screening, original Y1H strains were transformed with 4 µg of the TF-only library and plated onto medium lacking histidine but containing 15 mM 3-amino-1,2,4-triazole (3-AT). This usually produced > 10,000 small colonies. The large positive colonies were subjected to a colony-lift β -galactosidase assay to validate the selection. Plasmids were isolated from positive colonies, as described below. Each yeast colony was suspended in 50 µl of water and incubated at 37 ° C for 30 min with 50 U of lyticase (Sigma). The solution was then treated with SDS at 3 % (v/v) fi nal concentration and frozen. The thawed solution was diluted with water up to 200 µl and subjected to phenolchloroform and chloroform extractions. DNA was then precipitated and used as template in a PCR. The oligonucleotides used were 'GAL4AD-RV' and 'GAL4AD', as shown in Supplementary Table S2 . For Y2H screening, yeast strain L40 ( Vojtek et al. 1993 ) was simultaneously transformed with the pDEST_BTM116-based bait plasmid and 4 µg of the TF-only library, producing 13,800 small colonies on medium lacking histidine. Other procedures are the same as those for Y1H, described above.
Transient effector-reporter analysis in plants
Transient effector-reporter analysis was performed based on a previously described procedure with some modifi cations ( Fujimoto et al. 2000 ) . Arabidopsis rosette leaves grown under short-day conditions were co-transformed by particle gun bombardment with 0.8 and 0.6 µg of reporter and effector plasmids, respectively. As a reference, 0.2 µg of plasmid encoding Renilla LUC driven by the CaMV 35S promoter was also co-transformed. After bombardment, samples were incubated on wet fi lter papers in the dark at 22 ° C for ≥ 12 h. After the incubation, samples were mashed using a beadscell-disrupter MS-100R (Tomy) in passive lysis buffer (Promega), and LUC activities were quantifi ed using a luminometer (Turner Design).
Supplementary data
Supplementary data are available at PCP online. 
Funding
